Using finite element method (FEM) , this study sought to investigate how the thickness and Young's modulus of cortical bone influenced stress distribution in bone surrounding a dental implant. The finite element implant-bone model consisted of a titanium abutment, a titanium fixture, a gold alloy retaining screw, cancellous bone, and cortical bone. The results showed that von Mises equivalent stress was at its maximum in the cortical bone surrounding dental implant. Upon investigation, it was found that maximum von Mises equivalent stress in bone decreased as cortical bone thickness increased. On the other hand, maximum von Mises equivalent stress in bone increased as Young's modulus of cortical bone increased. In conclusion, it was confirmed that von Mises equivalent stress was sensitive to the thickness and Young's modulus of cortical bone.
INTRODUCTION
The osseointegrated dental implants1) are highly favored because of their advantageous mechanical properties and excellent anchorage in the jaw bone. This ankylotic anchorage of hydroxyapatite-coated titanium2) or titanium alloy3,4) implant in bone is considered an essential criterion for a successful dental implant treatment.
However, long-term follow-up studies on implants indicate many complications occurring after the prosthetic phase. These complications include implant component fracture, overdenture f racture5) , abutment screw loosening6) , marginal bone loss7) , and loss of osseointegration8) . These failures occur because of stress concentration at failure site, and stress concentration occurs because of difference in rigidity between dental implant and surrounding bone interface, thus leading to stress being transmitted to failure site. In this light, interfacial stress transfer -between dental implant and surrounding boneis an important factor that determines the success or failure of a dental implant treatment. Generally, load transfer from implant to surrounding bone depends on the bone-implant interface: length and diameter of implant, shape and characteristics of implant surface, and quantity and quality of surrounding bone. In particular, there is a direct connection between osseointegrated implant and the surrounding bone. Therefore, it may be assumed that an impact load applied to the implant will be trans- and postoperative complications attributed to alveolar distraction14) . It should be noted that dental implants embedded in bone are sometimes subjected to unacceptably high occlusal stress. Due to lack of periodontal ligament around a dental implant, as compared with a natural tooth, the dental implant and surrounding bone are exposed to varying levels of stress generated by biting forces15) Therefore, stress analysis under loading is necessary for the accurate prediction of implant stability in functional oral conditions.
The finite element method (FEM) [16] [17] [18] ) is a powerful tool for stress distribution analysis.
In the dental field, the finite element method is employed to evaluate dental prostheses.
In particular, FEM has been widely used for stress analyses of dental implants, and there are even a few reports on stress analyses of bone surrounding dental implants. The purpose of this study, therefore, was to investigate the influence of thickness and Young's modulus of cortical bone on the stress distribution of bone surrounding dental implant by using threedimensional (3-D) finite element analysis.
The relationship between stress distribution and cortical bone qualities are then further discussed in this paper. Fig. 1 shows the dental implant-bone model used in this study.
MATERIALS AND METHODS
The finite element implant-bone model consisted of a titanium abutment, a titanium fixture, a gold alloy retaining screw, cancellous bone, and cortical bone. The implant model was 4.0 mm in diameter and 13.0 mm in length, corresponding to the dimensions of the Branemark implant (Nobel Biocare, Gothenburg, Sweden) . In this study, the implant was assumed to be embedded in the lower first molar and the bone shapes used in FEM model were obtained from an anatomical literature23).
The bone model, 10 mm in mesial-distal distance (zdirection) , 12.5 mm in buccal-lingual distance (xdirection) , and 24.5 mm in superior-inferior distance (y-direction) , consisted of a cancellous bone core surrounded by 1.0 mm mandibular superior border cortical bone, 2.5 mm buccal border cortical bone, 2.0 mm lingual border cortical bone, and 3.0 mm mandibular inferior border cortical bone. The basic shapes of the finite element implant model were illustrated using computer-aided design (CAD) . The CAD software used for the visualization and manufacturing processes of precise three-dimensional models was SolidWorks 2001 PLUS (SolidWorks Corp., Concord, MA, USA) . The CAD files were saved in Parasolid format, which enables file transfer to FEM software platforms.
The CAD model was imported into the FEM software, where it was meshed and the loads and constraints applied. All FEM calculations were performed using ANSYS ver 6.1 (Cybernet Systems Co. Ltd., Tokyo, Japan) on a personal computer with 3 GHz CPU.
The finite element implant-bone model is shown in Fig. 2 . Static analysis was performed using 3-D Table 1 shows the material properties24,25) used for the finite element analysis.
All materials were assumed to be homogeneous, isotropic, and having linear elasticity.
Additionally, the interfaces between the materials were assumed to be continuous. Based on these assumptions, a complete osseointegration between the implant and surrounding bone was simulated. The model was constrained in all directions on the mesial and distal border surfaces of the cortical bone. At the same time, a vertical load of 100 N was applied to the top of the implant.
Using the above-mentioned model, static analysis was first performed using FE analysis whereby von Mises equivalent stress distribution within the bone was simulated and recorded. Each von Mises equivalent stress value expressed the absolute magnitude of effective stress on a particular part of the bone based on principal stresses in three dimensions.
Next, the influences of cortical bone quality on stress distribution around implant were investigated. In the first case, the thickness of superior border cortical bone was changed to 0.5, 1.0, 1.5, and 2.0 mm in order to investigate the dependence on cortical bone thickness.
In the second case, the Young's modulus of cortical bone was changed to 5, 10, 13.7, 20, and 25 GPa in order to investigate the dependence on Young's modulus of cortical bone. Fig. 3 shows the stress counters displaying von Mises equivalent stresses in bone surrounding the dental implant.
RESULTS
A maximum von Mises equivalent stress of 15.7 MPa and a minimum von Mises equivalent stress stress of 0.02 MPa were yielded by cortical bone and cancellous bone respectively.
In other words, the cortical bone surrounding dental implant exhibited the highest von Mises equivalent stress.
In Fig. 4 , each plotted line on the graph represents computed von Mises equivalent stresses in the cortical bone along the vertical direction for cortical bone thickness of 0.5, 1.0, 1.5, and 2.0 mm. It was found that von Mises equivalent stress distributions obtained from both buccal and lingual sides of cortical bone were not different from actual measurements26). On buccal side as shown in Fig. 4(a) , the Fig.4(b) , the maximum von Mises equivalent stresses in cortical bone with thicknesses of 0.5, 1.0, 1.5, and 2.0 mm were 20.6, 15.7, 11.9, and 11.6 MPa respectively.
For all cortical bone thicknesses, superior cortical bone exhibited a higher von Mises equivalent stress than inferior cortical bone.
Additionally, the maximum von Mises equivalent stress in bone decreased as cortical bone thickness increased (Table 2 ) . When cortical bone thickness was increased from 0.5 to 2.0 mm, percent decrease in maximum von Mises equivalent stress on buccal and lingual sides rose to 36% and 41% respectively.
In Fig. 5 , each plotted line on the graph represents computed von Mises equivalent stresses in the cortical bone along the vertical direction for Young's modulus of 5, 10, 13.7, 20, and 25 GPa. Upon investigation, it was found that there were no significant differences in von Mises equivalent stress between buccal and lingual sides, as in the case of cortical bone thickness.
On buccal side as shown in Fig.  5(a) , the maximum von Mises equivalent stresses in cortical bone with Young's moduli of 5, 10, 13.7, 20, and 25 GPa were 6.7, 12.1, 15.6, 21.0, and 24.7 MPa respectively.
On lingual side as shown in Fig. 5(b) , the maximum von Mises equivalent stresses in cortical bone with Young's moduli of 5, 10, 13.7, 20, and 25 GPa were 6.3, 12.0, 15.7, 21.3, and 25.3 MPa respectively. Differences in von Mises equivalent stress between superior and inferior cortical bones increased as Young's modulus of cortical bone increased.
Additionally, the maximum von Mises equivalent stress in bone increased as Young's modulus of cortical bone increased (Table 3) . When the Young's modulus of cortical bone was increased from 5 to 25 GPa, percent increase in maximum von Mises equivalent stress on buccal and lingual sides rose to 271% and 298% respectively.
From the results obtained in the present investigation, it was confirmed that von Mises equivalent stress which developed in bone surrounding dental implantwas sensitive to the thickness and Young's modulus of cortical bone. bone surrounding dental implants. Baiamonte et al. reported that the FEM model yielded a full description of the bending of the implant and the distribution of stress in the bone surrounding the implant27) . Holmes and Loftus investigated the influence of bone quality on occlusal force transmission for endosseous dental implants28) . However, they did not analyze the influence of cortical bone qualities such as thickness and Young's modulus on stress distribution in bone surrounding dental implants. In the present study, we investigated the influence of cortical bone quality on stress distribution of bone around dental implants by using 3-D finite element analysis.
Stress analysis of the dental implant-bone model showed that von Mises equivalent stress was at its maximum in the cortical bone around the implant (Fig. 3) . It was clear that the vertical load corresponded to a three-point bending load applied to the surrounding cortical bone. In other words, this might be a reason why the superior cortical bone exhibited the highest von Mises equivalent stress.
As for the comparison of von Mises equivalent stresses in cortical bone and cancellous bone21,22) , our analytical results agreed with those of Papavasiliou et al. 21) and Wang et al.22) -that is, von Mises equivalent stress was higher in cortical bone than in cancellous bone.
With the above-mentioned points as background, we investigated the von Mises equivalent stress that developed in the cortical bone in this study. In other words, the influence of cortical bone quality on stress distribution in cortical bone surrounding dental implant is investigated on two fronts.
In the first case, the thickness of superior border cortical bone was changed in order to investigate the dependence of stress distribution on cortical bone thickness.
In the second case, the Young's modulus of cortical bone was changed in order to investigate the dependence of stress distribution on Young's modulus of cortical bone.
In the first case, von Mises equivalent stress decreased as cortical bone thickness increased, and the maximum von Mises equivalent stress was obtained when cortical bone thickness was 0.5 mm (Fig. 4) . This was because the rigidity of cortical bone increased as cortical bone thickness increased.
Simon investigated the success rate of implant-supported single molar and premolar crowns, and reported that the success rate of dental implant osseointegration was 96%29) . However, the results presented in this study indicated that even if osseointegration were achieved, the treatment might be severely compromised if cortical bone were thin.
Conversely, when simulating a clinical situation, it was found that the thick superior border cortical bone was the most suitable site for implant insertion.
In the second case, von Mises equivalent stress increased as Young's modulus of cortical bone increased, and the maximum von Mises equivalent stress was obtained when Young's modulus was 25 GPa (Fig. 5) .
Generally, stress concentration is caused by difference in structure rigidity.
Therefore, through the simulation of cortical bone with the highest Young's modulus, it was suggested that stress concentration developed in the cortical bone because stress transmission between cortical bone and cancellous bone in implant-bone model was interrupted by a difference in rigidity.
Since maximum von Mises equivalent stress occurred at the cortical bone in contact with the loaded implant, the results in this study further confirmed that stress distribution depended on the flexural rigidity of cortical bone. Huang et al. assessed the resonance frequency to determine the vibrating behavior of dental implants under a variety of surrounding bone qualities30). They found that the stiffness of the marginal bone was an important factor affecting implant survival rate.
The data presented in this study supported their findings.
Indeed, the present work revealed that cortical bone rigidityin terms of thickness and Young's modulushad a significant effect on stress distribution within surrounding bone. However, it can also be said that the results presented gave us limited information. This was because we assumed the bone to be homogeneous, isotropic, and having a linear elasticity, although bone is not isotropic and hence its elasticity is not substantially constant31,32) Jaecques et al. have demonstrated that microfocus computer tomography-based finite element modeling can significantly contribute to the field of functional bone engineering as a biomechanical analysis tool to quantify the stress and strain states in native bone tissue and tissue constructs33) . Therefore, the influence of bone heterogeneity through finite element analysis should be further investigated. 
